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Abstract—In this study, we evaluate and compare the pulse
shape discrimination (PSD) performance of multipixel photon
counters (MPPCs, also known as silicon photomultiphers -
SiPMs) with that of a typical photomultiplier tube (PMT) when
testing using CsI(Tl) scintillators. We use the charge comparison
method, whereby we discriminate different types of particles by
the ratio of charges integrated within two time-gates (the delayed
part and the entire digitized waveform). For a satisfactory PSD
performance, a setup should generate many photoelectrons (p.e.)
and collect their charges efficiently. The PMT setup generates
more p.e. than the MPPC setup does. With the same digitizer
and the same long time-gate (the entire digitized waveform), the
PMT setup is also better in charge collection. Therefore, the PMT
setup demonstrates better PSD performance. We subsequently
test the MPPC setup using a new data acquisition (DAQ) system.
Using this new DAQ, the long time-gate is extended by nearly
four times the length when using the previous digitizer. With this
longer time-gate, we collect more p.e. at the tail part of the pulse
and almost all the charges of the total collected p.e. Thus, the
PSD performance of the MPPC setup is improved significantly.
This study also provides an estimation of the short time-gate
(the delayed part of the digitized waveform) that can give a
satisfactory PSD performance without an extensive analysis to
optimize this gate.
Index Terms—pulse shape discrimination, CsI(Tl), photomul-
tiplier tube, multipixel photon counter, silicon photomultiplier
I. INTRODUCTION
MANY nuclear and particle physics experiments requireParticle Identification (PID) to obtain the particles
of interest and reduce the background radiation. For setups
using scintillators and photosensors, the most common way
to perform PID is to use Pulse Shape Discrimination (PSD),
which is the ability of some scintillators to emit scintillation
light pulses with different shapes for different types of incident
particles.
The most common photosensor used with scintillators is
the photomultiplier tube (PMT). However, the use of PMT
has some limitations. For instance, the detector environment
contains He gas that can penetrate and damage the PMT.
Alternatively, when the detector requires many photosensors
in a confined size, typical PMTs with large dimensions cannot
fit in the detector owing to space constraints. Moreover,
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Fig. 1. The charge comparison method with the definition of the Ratio R.
the PMT is affected by the magnetic field. Therefore, it is
unusable in some systems, such as the positron emission
tomography–magnetic resonance imaging (PET-MRI) system.
In such conditions, it requires other types of photosensors.
A solution for the above limitations of the PMT is the
use of the multipixel photon counter (MPPC), also known as
silicon photomultiplier (SiPM), which is a new type of pho-
tosensor. The PSD performance of MPPCs was demonstrated
to be comparable with that of a typical PMT in the n − γ
discrimination using both organic [1] and inorganic [2], [3]
scintillators. In this study, we evaluate the PSD performance
of MPPCs and compare it with that of a PMT in charged-
particle discrimination using the CsI(Tl) scintillator.
II. METHODS AND SETUPS
To compare the PSD performances of the PMT and MPPCs,
we measure the pulse of scintillation light from the PMT
and MPPCs, after which we perform the charge comparison
method (Fig. 1). We integrate the charges collected in the Short
Gate (SG) and Long Gate (LG), the delayed part, and the
entire digitized waveform, respectively. The Ratio R of the
charges in SG and LG, R = QSG/QLG, identifies the type
of particle. Fig. 2 shows the Ratio distributions of two types
of particles with the mean value of the Ratio (R1 or R2) for
each type and the corresponding Full Width at Half Maximum
(FWHM1 or FWHM2). The PSD performance for the two
types of particles is evaluated using the conventional Figure
of Merit (FOM), which is expressed as follows:
FOM =
Peak Separation
FWHM1 + FWHM2
=
∆R∑
FWHM
(1)
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Fig. 2. Ratio distributions of two types of particles. The PSD performance
is evaluated using the Figure of Merit (FOM).
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Fig. 3. The PMT setup (top) and the MPPC setup (bottom) for PSD
performance measurements. For the MPPC setup, the sum signal from five
MPPCs is fed into WaveCatcher.
This study mainly compares the FOMs of the PMT and
MPPCs in an α − β separation. The α − β source is natural
thorium from a lantern mantle. We use the CsI(Tl) scintillator
(Leading Edge Algorithms Co., Ltd.) because of its PSD
ability. The experimental setups are shown in Fig. 3. In the
PMT setup, a Hamamatsu H7415/R6427 PMT [4] (with a
diameter of 33 mm) is coupled with a 10× 10× 20 mm3
CsI(Tl) on the 10× 10 mm2 surface. In the MPPC setup,
five Hamamatsu S13360-6075CS MPPCs [5] (with an ef-
fective area of 6× 6 mm2 for each) are coupled with a
10× 50× 90 mm3 CsI(Tl) on the 10× 50 mm2 surface. For
the PMT, the bias voltage is −1000 V. For each MPPC,
the bias voltage is −55.6 V (3 V over breakdown, as rec-
ommended by Hamamatsu). In the MPPC setup, there is no
temperature compensation module. To measure the pulse of
scintillation light from the PMT and the five MPPCs, we
use a fast digitizer called WaveCatcher [6], which offers a
dynamic range of 2.5 V over 12 bits. The sampling depth
is 1024 samples and the sampling rate ranges from 0.4 to
3.2 GS/s. Because of the long decay time of CsI(Tl) (∼ 1 µs),
we keep the sampling rate at 0.4 GS/s. Therefore, the range
of the digitized waveform is 2560 ns on WaveCatcher. For the
MPPC setup, the signals from the five MPPCs are summed up
and then fed into WaveCatcher.
We use a larger CsI(Tl) for the MPPC setup because this
setup was planned for another experiment, the µ capture on
3He. This experiment represents a case whereby a typical PMT
is not suitable because of the presence of He gas and the small-
size chamber containing the pricey 3He gas. In this µ capture
experiment, we need to separate the proton (p) and deuteron
(d) in the produced particles [7]. Therefore, we also perform a
p− d separation measurement to confirm whether our current
MPPC setup is good enough for the µ capture experiment.
This p − d separation will be discussed in detail in section
IV-E.
III. PSD ESTIMATION
A. Ratio Fluctuation
We estimate the fluctuation of the Ratio R from the sta-
tistical distribution of the number of photoelectrons (Npe)
generated by the photosensor. For each pulse, the charges (and
Npe) of the prompt part, delayed part, and the entire pulse are
Qp (np), Qd (nd), and Q (N ), respectively. The Ratio R is
represented as follows:
R =
QSG
QLG
=
nd
np + nd
=
nd
N
(2)
Because np and nd are independent, the fluctuation of the
Ratio comes from the propagation of σnp and σnd , and is
expressed as follows:
σR
2 =
(
∂R
∂np
σnp
)2
+
(
∂R
∂nd
σnd
)2
(3)
The Npe follows the Poisson distribution, so σnp =
√
np and
σnd =
√
nd. Therefore,
σR
2 =
1
N4
(
nd
2np + np
2nd
)
=
1
N
R(1−R) (4)
B. FOM Estimation
From Eq. 1 and Eq. 4, the estimation of the FOM from the
statistical fluctuation of the Npe for the case of α and β is
expressed as follows:
FOMest =
|Rβ −Rα|
√
N
2
√
2 ln 2
(√
(1−Rβ)Rβ +
√
(1−Rα)Rα
)
= f(Rα, Rβ)
√
N
(5)
Therefore, the FOM is proportional to the
√
Npe (or
√
Q); and
it also depends on Rα and Rβ . These Ratio values depend
on the pulse shape, and the lengths of the SG and LG for
charge integration. For a fixed setup of the scintillator and
photosensor, the FOM is maximized by optimizing the lengths
of the SG and LG. This optimization is independent of the√
Npe.
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Fig. 4. The charge histogram of 137Cs from the PMT setup (top) and the
MPPC setup (bottom). For the MPPC setup, the component from the Npe
fluctuation, σQ(pe), is the main contribution to the total charge fluctuation
(the measured one), σQ(total). For the PMT setup, other types of fluctuations
degrade σQ(total).
IV. RESULTS AND DISCUSSION
A. Charge Fluctuation
First, we check the fluctuation of the charge σQ at the peak
of 661 keV of 137Cs (Fig. 4). Because we cannot measure
the charge of one photoelectron, Q1pe, in our setups, it
is taken from datasheets. For the PMT, at −1000 V, Q1pe
is approximately 0.048 pC. The component from the Npe
fluctuation, σQ(pe), contributing to the total charge fluctuation
(the measured one), σQ(total), is expected as follows:
σQ(pe) = Q1pe
√
Npe =
√
Q1peQ
=
√
0.048× 131.3 = 2.5 pC (6)
where Q = 131.3 pC and σQ(total) = 7.1 pC represent the
charge and its total fluctuation at the 137Cs peak (Fig. 4 - top).
The σQ(pe) is less than 50% of σQ(total). As shown in Fig. 5,
there is a sinusoidal noise with a period of 1300 ∼ 1400 ns
in the PMT setup. The amplitude of this noise is more than
10% of the amplitude of the pulse of 661 keV γ. It makes the
resolution worse.
For the MPPC setup, Q1pe is approximately 0.64 pC.
Through a similar calculation, we expect 16.7 pC and measure
25 pC. We find no significant source of noise as the sinusoidal
noise in the case of the PMT setup.
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Fig. 5. The pulse of 661 keV γ and the sinusoidal noise from the PMT
setup. The period of the noise is 1300 ∼ 1400 ns. The amplitude of this
noise is more than 10% of the amplitude of the pulse of 661 keV γ. This
noise severely degrades the σQ(total) of the 661 keV peak.
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Fig. 6. Area-normalized waveforms (normalized by the charge inside the
LG) of α and β from the PMT setup (top) and the MPPC setup (bottom).
The SG from the Intersection point to the End point will give ∆Rmax, i.e.,
the area with dashed lines.
B. Area-normalized Waveform
We define wn(t) = w(t)/
∑
LG w(t) as the area-normalized
waveform (normalized by the charge inside the LG), and
thus, R =
∑
SG wn(t). As demonstrated in Fig. 6, the area-
normalized waveforms of α and β/γ intersect at one point.
The SG from this Intersection point to the End point gives the
maximum peak separation ∆Rmax, i.e., the area with dashed
lines in Fig. 6.
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Fig. 7. Searching the SG for f(Rα, Rβ)max on both setups: PMT (top) and
MPPC (bottom). The Start point of the SG represented by ∆t = LG− SG.
The End point of the SG is fixed at 2250 ns. The LG is fixed from 0 to
2250 ns.
From Eq. 5, to maximize the FOM, we must determine the
SG and LG for f(Rα, Rβ)max, which can be estimated from
the area-normalized waveforms of α and β. For the LG, it
is preferable to keep it as long as possible because ∆Rmax
increases when receiving more contribution from the delayed
part of the digitized waveform. Therefore, we fix the LG from
0 to 2250 ns (the prior ∼ 300 ns for pedestal measurements)
on WaveCatcher for both the PMT and MPPC setups. For
the SG, we estimate the SG for f(Rα, Rβ)max. Because the
area inside the SG of the area-normalized waveform represents
the Ratio R, it is easy to calculate f(Rα, Rβ) at various SGs
(End points of all the SGs fixed at 2250 ns). Fig. 7 shows
the f(Rα, Rβ) vs. ∆t, where ∆t represents the Start point of
the SG. The f(Rα, Rβ)max is 0.080 at ∆t = 500 ns for the
PMT setup and 0.048 at ∆t = 1000 ns for the MPPC setup.
Fig. 8 shows the Ratio vs. the charge at the estimated SG for
f(Rα, Rβ)max. By projecting the events above 1 MeV onto
the Ratio axis for the Ratio distributions of α and β, we get
the FOM of these two distributions from Gaussian fittings. The
FOM is 2.87 ± 0.02 for the PMT setup and 2.26 ± 0.02 for
the MPPC setup (above 1 MeV).
For the same type of scintillator and the same LG, the
f(Rα, Rβ) curve solely represents the response of the photo-
sensor. As shown in Fig. 7, the f(Rα, Rβ) of the PMT is better
than that of the MPPCs in all SGs, f(Rα, Rβ)max of the PMT
∼ 1.67f(Rα, Rβ)max of the MPPCs. This proves that the
PMT has a better response than MPPCs. The faster response
time of the PMT is obvious, as demonstrated by the steep
rising edges of the two waveforms in Fig. 6 (top). Therefore,
the PMT setup can collect charges more quickly and give
better f(Rα, Rβ). The slow response of MPPCs compared
with that of a PMT was also observed by Grodzicka-Kobylka
et al. [1], Dinar et al. [3], and Budden et al. [8]. This slow
response may result from the capacitance of each pixel inside
the MPPC.
C. Optimized SG for FOMmax
The estimated SG for f(Rα, Rβ)max in the previous section
is the ideal case where the Ratio fluctuation results from the
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Fig. 8. The Ratio vs. the charge of the PMT setup (top) and the MPPC setup
(bottom) at the estimated SG for f(Rα, Rβ)max.
statistical fluctuation of the Npe. To verify whether that SG
is optimized for our data, we search the Start point of the
SG (Fig. 9) that maximizes the FOM obtained from Gaussian
fittings of the two Ratio distributions in our analysis. Similar
to the previous section, the End point of the SG is fixed at
2250 ns and the LG is fixed from 0 to 2250 ns.
For the PMT setup, the
∑
FWHM vs. ∆t curve indicates
the effect of the sinusoidal noise (Fig. 9 - top). The estimated
SG for f(Rα, Rβ)max, which is 500 to 2250 ns, is quite
distant from the optimized SG for FOMmax, which is 900
to 2250 ns. We hypothesize that this optimized SG with the
length of 1350 ns, which is approximately the period of the
sinusoidal noise, mitigates the effect of the noise. From fitting,
FOMmax is ∼ 3.33± 0.03 at the optimized SG, a noticeable
increase from FOM ∼ 2.87 ± 0.02 at the estimated SG for
f(Rα, Rβ)max.
For the MPPC setup, the estimated SG for f(Rα, Rβ)max,
1000 to 2250 ns, and another SG, 950 to 2250 ns, both give
the FOMmax ∼ 2.26± 0.02 (Fig. 9 - bottom). Therefore, the
SG for f(Rα, Rβ)max estimated from two area-normalized
waveforms gives a satisfactory FOM without an extensive
search for the optimized SG in the analysis. We expect that
the PMT setup without the sinusoidal noise will also give a
similar result, a satisfactory FOM from the estimated SG for
f(Rα, Rβ)max.
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Fig. 9. Searching the optimized SG for FOMmax. ∆R and
∑
FWHM
(in the FOM definition, Eq. 1) are from fitting. The Start point of the SG
is represented by ∆t = LG − SG. The End point of the SG is fixed at
2250 ns. The LG is fixed from 0 to 2250 ns. In this logarithmic scale, the
larger the distance between ∆R and
∑
FWHM , the better the FOM. For
the PMT setup (top), the estimated SG for f(Rα, Rβ)max is distant from
the optimized SG for FOMmax as a result of the sinusoidal noise. For the
MPPC setup (bottom), the estimated SG for f(Rα, Rβ)max is one of the
optimized SGs that give FOMmax.
D. Charge (or Npe) dependence of FOM
In this section, we confirm the relation FOM ∝ √Npe
or FOM ∝ √Q mentioned in section III-B. First, we plot
the estimated FOM (FOMest) vs. Npe in Eq. 5. The values
Rα and Rβ are from the Ratio distributions at the optimized
SG. The Npe is calculated from the datasheet value of Q1pe.
Second, we plot the fitting FOM (FOMfit) vs. Q from our
analysis result. Fig. 10 shows the FOMest curve and the
discrete values of FOMfit at the optimized SG.
FOMfit tends to be proportional to
√
Q, but it does not
match the FOMest curve for both setups. For the PMT setup,
FOMfit is far below FOMest. One reason for this difference
is the prior mentioned sinusoidal noise. For the MPPC setup,
FOMfit is closer to but a bit higher than FOMest.
As demonstrated in Eq. 5, to have a better FOM, a setup
should have a better time response (greater f(Rα, Rβ)) or
collect more p.e. (greater
√
(N)). From the area-normalized
waveform, the PMT proves to have better f(Rα, Rβ). As
shown in Fig. 10, the small CsI(Tl) + PMT coupling generates
about four times the Npe that the large CsI(Tl) + five MPPCs
coupling does at the same energy (see Fig. 10 at 1 MeV).
Therefore, the PMT setup is better in both time response and
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Fig. 10. The estimated FOM (FOMest) vs. Npe and the fitting FOM
(FOMfit) vs. Q of the PMT setup (top) and the MPPC setup (bottom). For
the PMT setup, FOMfit is far below FOMest as a result of the sinusoidal
noise. For the MPPC setup, the FOMfit is a bit higher than FOMest.
Despite having noise, the PMT setup still has a better FOM because of a
better time response and more Npe generated by the small CsI(Tl) + PMT
coupling (about four times the Npe generated by the large CsI(Tl) + five
MPPCs coupling; see the figure at 1 MeV).
p.e. collection; and hence gives a better FOM even being
degraded by noise. Ideally (without noise), at the same energy,
the FOM of the PMT setup is approximately 3.34 (a factor
of 0.08/0.048 ∼ 1.67 from f(Rα, Rβ)max and a factor of√
4/1 = 2 from
√
N ) the FOM of the MPPC setup. In Fig.
10, the quotient between the two FOMest is smaller because
the f(Rα, Rβ) of the PMT setup, which is taken from the
optimized SG, is not maximum.
E. p− d separation
As mentioned in Section II, we plan to use the MPPC
setup for the µ capture on 3He experiment in which we will
discriminate p and d. Therefore, we perform a p−d separation
measurement to evaluate whether the current PSD performance
of the MPPC setup is good enough for the µ capture exper-
iment. In this p − d separation, we use a 65 MeV proton
beam from the AVF (Azimuthal Varying Field) cyclotron
at the Research Center for Nuclear Physics (RCNP), Osaka
University. We measure p and d from the reactions of protons
with a target of polyethylene and deuterated polyethylene. We
evaluate the result at the scattering angle, θ = 45°.
For the PMT setup, we use some modules to adjust the
pulse height before feeding the signal into WaveCatcher.
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Fig. 11. Searching the optimized SG for FOMmax in the p−d separation
using the PMT setup. In this figure, the ∆R curve is below the
∑
FWHM
curve. Therefore, the closer the distance between ∆R and
∑
FWHM , the
better the FOM. The SG for f(Rp, Rd)max is also one of the SGs giving
the FOMp−dmax ∼ 0.80± 0.04.
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Fig. 12. The Ratio vs. charge of the p− d separation using the PMT setup
at the scattering angle of 45°. The result is from the SG for f(Rp, Rd)max.
Unfortunately, we get a refection at the end of the waveform.
Therefore, we reduce the LG from 2250 to 1900 ns. We
perform a similar analysis, whereby we find the estimated
SG for f(Rp, Rd)max from area-normalized waveforms, af-
ter which we search the optimized SG for FOMp−dmax (Fig.
11). The estimated SG for f(Rp, Rd)max is from 650 to
1900 ns. It is one of the optimized SGs (Start points varying
at 500 ∼ 750 ns and the End point at 1900 ns) that give
FOMp−dmax ∼ 0.80 ± 0.04. This good agreement is due to
the mitigation of the noise effect at the high energy of p
and d (noise is not noticeable in Fig. 11). As expected for
the PMT setup, when the noise is not significant, the SG for
f(Rp, Rd)max can also give a satisfactory FOM without an
extensive search for the optimized SG in the analysis. Fig. 12
shows the Ratio vs. charge at the optimized SG. The p − d
separation is quite visible with specific energy peaks. For the
MPPC setup, besides the PSD performance, our experimental
condition is also unsatisfactory. Therefore, we cannot separate
p and d.
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Fig. 13. Amplitude-normalized waveforms of α and β from the five MPPCs
when using a new DAQ system, the µTCA. The increase in charge collection
in the µTCA system will improve the FOM.
F. Improving the PSD performance of MPPC setup by increas-
ing LG
Previous sections show that the PSD performance of the
MPPC setup is inferior to that of the PMT setup as a result
of the slow response time of the MPPC and the low p.e.
generation of the large CsI(Tl) + five MPPC coupling. With
LG = 2250 ns, WaveCatcher can only collect 65% and 84%
of the total charges of the β/γ and α events, respectively.
Therefore, we extend the LG for increased charge collection.
This approach will improve the p.e. collection at the delayed
part of the digitized waveform (greater
√
Npe) and mitigate
the effect of the MPPC’s slow response (greater f(Rα, Rβ)).
Eventually, we improve the PSD performance of the MPPC
setup. To extend the LG to over 2250 ns on WaveCatcher,
we change to a new data acquisition (DAQ) system using
500 MHz FADC in µTCA [9]. The µTCA system offers a
sampling rate of 0.5 GS/s with a maximum length for digitized
waveforms of 8960 ns. Therefore, we fix LG = 8000 ns. With
this LG, the µTCA system can collect up to 95% and 98% of
the total charges of the β/γ and α events, respectively (Fig.
13).
We perform a similar α− β separation measurement using
the small CsI(Tl) + five MPPCs coupling with the µTCA
system. Fig. 14 shows the search for the Start point of the
optimized SG (End point fixed at 8000 ns) on the µTCA
system. From the area-normalized waveforms, we estimate that
the SG starting from 1900 ns gives f(Rα, Rβ)max ∼ 0.097.
This estimated SG is not too far from the optimized SG for
FOMmax starting from 1600 ns that we get from the search.
From fitting, at the estimated SG for f(Rα, Rβ)max, the FOM
is ∼ 3.75 ± 0.04, which is still satisfactory compared to the
FOMmax ∼ 3.91 ± 0.04 at the optimized SG (the range is
above 1 MeV). These satisfactory FOMs prove that the PSD
performance of the MPPC setup improves significantly when
getting more p.e. through longer charge integration. Fig. 15
shows the Ratio vs. charge at the optimized SG.
We also confirm the FOM ∝ √Q relation in Fig. 16
(values are from the optimized SG for FOMmax). The
FOMfit values are slightly below the FOMest curve. The
f(Rα, Rβ)max ∼ 0.097 of the MPPCs + µTCA setup (also
1600 ns (      ~ .    ±  .   )
LG = 8000 ns
SG = 6400 ns
1900 ns ( (  ,   )    )
   ~ .    ±  .   
5 MPPCs + µTCA
Fig. 14. Searching the optimized SG for FOMmax when using the 5 MPPCs
+ µTCA. The larger the distance between ∆R and
∑
FWHM , the better
the FOM. The estimated SG for f(Rα, Rβ)max still gives a satisfactory
FOM ∼ 3.75 ± 0.04, compared to the FOMmax ∼ 3.91 ± 0.04 at the
optimized SG.
β/γ
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  >       
5 MPPCs + µTCA
  :           →        
  :      →        
→        ~  .    ±  .   
Fig. 15. The Ratio vs. charge of the α−β separation when using 5 MPPCs
+ µTCA. At the optimized SG, the value of FOMmax is ∼ 3.91± 0.04.
0
2
4
6
8
10
12
0 500 1000 1500 2000 2500 3000
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Run 226 | MPPCs + μTCA
F
O
M
Q [pC]
Npe
FOMest = 0.097*sqrt(N) = 0.121*sqrt(Q)
Run 226 | FOMfit
Trendline FOMfit = 0.112*sqrt(N)-1.369
= 0.140*sqrt(Q)-1.369
1 MeV
Fig. 16. The estimated FOM (FOMest) vs. Npe and the fitting FOM
(FOMfit) vs. Q when using five MPPCs + µTCA. The FOMfit values
are close to the FOMest curve. Although the FOM of the five MPPCs +
µTCA setup increases significantly, it is still lower than the FOMest (without
noise) of the PMT + WaveCatcher setup (in Fig. 10 - top) at the same energy
range. However, at the same number of p.e., the five MPPCs + µTCA setup
has a better FOM.
achieved by the optimized SG in Fig. 16) is double the value
from the MPPCs + WaveCatcher setup (0.048) and also greater
than the value from the PMT + WaveCatcher setup (0.08).
Ideally, at the same Npe, the MPPCs + µTCA setup will give
a better PSD performance (by a factor of 0.098/0.08 = 1.225)
than the PMT + WaveCatcher setup without noise.
Although the µTCA system can collect more p.e. (∼ 1.5
the Npe collected by WaveCatcher), the total Npe generated
by the large CsI(Tl) + five MPPCs coupling does not change.
The Npe collected by the MPPCs + µTCA setup is still inferior
to that of the PMT + WaveCatcher setup (by a factor of
4/1.5 ∼ 2.67). Therefore, at the same energy range, the PMT
+ WaveCatcher setup without noise will give a better PSD
performance (by a factor of 0.08/0.098 ×√4/1.5 ∼ 1.33)
than the MPPCs + µTCA setup. This indicates that we must
improve the large CsI(Tl) + MPPCs coupling for increased
scintillation-photon collection.
V. CONCLUSION
For a satisfactory PSD performance, an essential factor is
the charge collection. The long time-gate (covering the entire
digitized waveform) for charge integration should be long
enough to allow for the collection of almost all the charges
generated by the photosensor. This will result in increased
p.e. collection and will effectively improve the response of
the photosensor (in the case of the MPPC’s slow response)
for a satisfactory PSD performance.
Moreover, in our study, using the area-normalized wave-
form, we can estimate the short time-gate (delayed part of
the digitized waveform) for a satisfactory FOM without an
extensive search of this time-gate in the analysis.
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